Abstract
Introduction
Ventilatory threshold (VT) is currently considered one of the best indexes of aerobic fitness, especially in endurance performance evaluations and cardiac rehabilitation [1,2]. However, its measure requires the continuous recording of pulmonary ventilation, which is difficult outside the clinical setting and needs expensive instruments. Indeed, ventilatory and gas exchange data has to be recorded on a breath-by-breath basis to produce reliable estimates of VT [3] .
Conversely, during an incremental exercise test heart rate (HR) can be easily recorded on a beat-to-beat basis (i.e. as RR interval series) by inexpensive methods, which can be simply applied to different clinical settings and to on-field evaluations. In these last 20 years the analysis of heart rate variability (HRV) provided 
Subjects
Eleven subjects (7 males, 4 females; age 26.1f3.0 yrs; weight 66.3k11.8 kg; high 172f7 cm; all no-smokers) with different aerobic fitness levels (V02peak ranging from 3 1 to 60 mIkg/rnin) were enrolled. 
ExperimentaI procedures
After a 5 min warm up without load each subject performed an incremental exercise on an electronically braked bicycle ergometer (Monark 839 C, Sweden). The ramp protocol consisted in increments of 25 W h i n , starting from 50 W, until volitional exhaustion (constant pedalling frequency = 60 rpm).
HR was recorded on a beat-to-beat basis by a HR monitor (5810, Poiar, Finland) during the incremental test and for 10 minute of recovery.
Breath-by-breath measurements of O2 uptake (VOz), carbon dioxide production (VC02), respiratory frequency (RF) and tidal volume (TV) were performed during the whole test, by means of an automated pre-calibrated gas analyser equipped with a turbine spirometer (K4b2, Cosmed, Italy). 
Calculation
Ventilatory Threshold. Beaver et al. [12] defined VT2 as the work rate associated with the second nonlinear increase of VE (Figure 1, panel a) . According to Wasserman et al. The respiratory frequency (RFRR) was estimated in each segment its the highest spectral peak in the HF sub-band. To estimate the effect of the increase in tidal volume during exercise on RR spectra we calculated the ratio between HF and LF (HFILF). In this way it is possible to "subtract" from the descending trend of hg(HF) the vegetative component estimated by Log(LF), so that the remaining HF power may be more dependent from the respiratory mechanics. Finally, in order to determine an index which estimate VE changes (where VE=RF*TV) from HR spectra, we computed the product: RFRR*HF/LF (Figure 1, panel d) . The HF increase corresponding to VT2 was caicutated by transforming the area under the FWRR*HF/LF curve between 0 and the HFLF peak in a rectangular triangle, from which the position of the left base vertex was localized on the time axis.
Statistical analysis
If not otherwise stated, data are expressed as mean & standard deviation. Linear regression was assessed by means of the least squared method. The level of statistical significance was set at p<0.05.
Results
All the incremental tests were stopped due to subject exhaustion, at a maximal power output ranging from 175 to 325 W. Peak V 0 2 (VOzp) was showed for each subject in Table 1 . The mean of the VT2 values (VT2 G~~) . calculated with the two methods described above, is reported in Table 2 .
(VT2.RR) and breath-by-breath gas analysis (VT2 is shown in Figure 2 . The overall error between the two methods was 5%, corresponding to a mean difference in VT2 of 105 " i n .
Discussion and conclusions
VTdetection bv HRV. The major finding of this work is the synchronous occurrence of VT2 and the emergence of an HF increase in the normalized spectrogram of HR during an incremental exercise. Such occurrence may therefore be useful to set a new simple method for VT2 detection, based on HRV. This method is simpler than the current methods based on gas exchanges and does not need accurate measurements of minute ventilation: thus, it can be applicable in a wider variety of settings. In addition, with respect to traditional methods, it reduces the discomfort to the patient due to the need of mouthpieces or facial masks for gas collection. Finally, the presence of an increase in HF values seemed to be independent from the fitness level of the subjects. Thus, such method may be a reliable option in the determination of VT2 in variably fitted individuals. Since vagal modulation is expected to be compIetefy blunted during a heavy exercise (e.g. in the region of anaerobic threshold), it can be speculated that the observed increment in normalized HF power corresponding to VT occurrence may be due to a mechanical effect of breathing on the sinus node, as suggested by Cottin et al. [ 11 1. Indeed, a similar effect has been documented in cardiac transplanted patient, in which the complete heart denervation does not eliminate the respiratory sinus arrhythmia [14] . Our data also suggest that the mechanical effect of breathing on respiratory sinus arrhythmia may also depend on the changes in TV which increases with ventilation during an incremental exercise, confirming previous data about the relationship between respiratory sinus arrhythmia amplitude and ventilatory volume [9] . The protocol used in this study does not allow to understand whether the sinus node responds to mechanical stimulations as a real stress receptor (by sensing the increased venous return during inspiration, which dilates the right atrium), or there is a reflex mechanism based on the activation of lung or chest wall receptors [ 151, or whether this effect can be mediated by metabolic changes (e.g. a direct effects on the sinus node of arterial pO2 and pCOz changes, as suggested by Perlini et al.
[16] in an animal model). Finally, the simultaneous presence of more than one HF peak in the region of ventilatory threshold is difficult to explain in this experimental setting: it can be due to the interference of pedalling frequency (1 Hz) on heart rate and/or to the variability of ventilatory pattern in each individual. However, this point needs further investigation.
In conclusion, our results provide a new simple and inexpensive approach to detect VT2 during an incremental exercise test based on beat-to-beat heart rate data.
